Introduction A study has been conducted to develop and to analyze a FORTRAN computer code for performing agility analysis on fighter aircraft configurations. This program is one of the modules of the NASA Ames ACSYNT (AirCraft SYNThesis) design code. The background of the agility research in the aircraft
The most maneuverable aircraft is the one that has the highest turn rate or can pull the most g's.
The increasing maneuverability of current generation fighters has pushed maximum instantaneous g capability to the human limit. The measure of merit has to evolve from how many g's the aircraft can pull to how quickly it can achieve this limit.
Agility is a measure of how quickly the aircraft can be maneuvered. It relates to minimizing the time required to perform some tasks or to achieve a desired aircraft state. The simplest definition of agility is the ability to move quickly in any direction or to perform a specific task. Future "superagile" vehicles will greatly 
Agility Metrics
The general character of the agility module is to operate on the upper boundary of what is frequently referred to as the doghouse plot. This is a graph of turn rate versus Mach number at a specified altitude. Figure   1 illustrates a typical doghouse plot. The peak in the upper boundary represents the highest turn rate for any Mach number. The Mach number corresponding to the peak is usually called corner speed. The aircraft's turn rate is limited by different constraints depending on which side of corner speed it is flying. Above corner speed, the aircraft can aerodynamically generate a higher load factor than the aircraft's structure can withstand.
The aircraft is said to be "load limited" with the maximum turn rate determined by the maximum designed load factor. Below corner speed, the aircraft is operating at its maximum lift coefficient and cannot aerodynamically generate the design load factor. This region is said to be "lift limited."
The definition of corner speed can be said as the Mach number that produces the maximum design load factor at maximum lift coefficient. In a dogfight, pilots try to get to corner speed as quickly as possible as it provides the best turn rate. Two specific metrics are discussed because they are being developed as part of the ACSYNT agility The combat cycle time metric measures the time it takes to turn through a specified heading change and then accelerate to regain the energy lost during the turn. The exact maneuver is as follows: roll into turn, pitch to specified load factor, hold turn through specified heading change, pitch back down to unity load factor, roll to wings level and accelerate back to original speed.
The objective is to complete this maneuver in the least amount of time. In this maneuver the aircraft operates along the upper boundary of the doghouse plot. own boundary conditions, therefore it was very difficult to mix and match them to create a classical maneuver.
The next task was to simulate the whole maneuvers.
The major problem was to decompose a continuous maneuver into the appropriate discrete segments. As expected, there is always deviation between theory and reality.
The pilot may perform a roll and a pitch simultaneously instead of a discrete pitch after a discrete roll. Another problem was not knowing exactly when each maneuver began and ended. The fighter was maneuvering with a combination of different segments in a short time and data was recorded in an interval of 0.5 sec. A test run was finally generated with a maneuver that is very similar to the CCT (roll-pitchturn-pitch-roll-accel).
As stated above, it was extremely difficult to identify where and each segment begins and ends.
It is a matter of judgment concerning the identification of the different segments in the test data.
Guidance for the decision is found by looking at the maneuver characteristics such as maintaining a constant AOA for a turn, constant roll rate and bank angle for a pitch, or constant load factor for a roll. The predicted maneuver is obviously not what the fighter was actually doing, but it was believed to be close enough for our purposes.
It is understood that a continuous reality can not be simulated completely by discrete simulation.
With the above information, the appropriate parameters were supplied and initialized in the code according to the test data. It was found that controlling these boundary conditions was critical, since the original code initialized those parameters to be zeros, changes had to be made in the appropriate subroutine.
Other than these necessary inputs, the code was not changed in anyway. While results were very good, there are several factors that introduce errors in this validation. Any difference between the simulated maneuver and the actual maneuver is going to cause the error in the analysis.
One source of error is a discontinuity between segment boundary conditions. Figure 5 shows roach number vs. time for a typical maneuver. As seen on this graph, the matching is quite good. The average percentage error between the actual and the ACSYNT curve is 0.21%. The discontinuities in the graph can be seen more clearly in Figure 6 . This figure shows actual, ACSYNT, and ACSYNT-Modified curves. The discontinuity is located at the transition from one segment to another. The ACSYNT-Modified curve is generated by assuming that the curve is continuous instead of discrete, it shows how the curve should be without the discontinuity between each segment. The difference between the ACSYNT and the ACSYNT-Modified results due to the fact that the boundary conditions between segments are not forced to be the same in the code.
if the boundary conditions of the beginning of a segment are the same as the end of the previous segment, then a piecewise continuous analysis can be obtained easily.
When there is only one boundary condition, the analysis is continuous by definition.
Another source of error has to do with simulation vs. reality. As shown in Figure 7 , the curves clearly distinguish the behavior of a real and a simulated maneuvers. For a real maneuver, the flight is very smooth with a gradual increase in the load factor.
Conversely, the simulated flight jumps to the designated g's for each segment. This would certainly contribute errors into the validation. Comparisons between heading angle, bank angle, load factor, turn rate, and angle of attack with time and mach number were made.
For all of these comparisons, the percentage errors are shown in Table 1 . Again, the discontinuity in the curve is caused by not forcing boundary conditions between maneuver segments to be the same in the discrete analysis.
As can be seen in 
Effect of Thrust Loading on Pointing Margin
The baseline fighter along with four other configurations were flown through the same maneuver.
These configurations were altered only in the available level of thrust specified as a percentage of the baseline configuration's available thrust (80%, 90%, 110%, 120%). Figure 8 illustrates the time differences for each segment of the pointing margin maneuver for all five configurations. The maneuver times steadily increased with increased available thrust and the lowest thrust aircraft performed the maneuver in the least amount of time which also implies that the lower thrust aircraft completed the turn segment slightly quicker thanthehigher thrust aircraft.
Turning speed determines anaircraft's highest turnrate. It is understandable whythe lowerthrust aircraft completed theirturnssooner.Theirhigher decelerations placed them in speed regimes withhigher turnratethanthegreater thrust aircraft andthuswere abletoachieve superior turns.If thestarting velocity were below theturning speed, thehigher thrust aircraft wouldbebetter ableto accelerate to andmaintain the turning speed.It is situations likethisthatmake the development of agility criteriaso difficult. The configuration canbeentirely dependent onthespecific situation.Figure9 illustrates theturnprofilein the horizontal planeof themaneuver. Thelowerthrust configurations turn tighterandpossess a positional advantage over thecourse oftheturnsegment.
Figure10showed pointing margin vs.thrust loading. A better pointing margin canbeobtained fora lower thrust loading which isconsistent withtheturning speed effectthatwasdiscussed. The aircraft that reaches theturning speed andcompletes theturnsooner canalways obtain abetter positional advantage.
The impactof thrustloadingis entirely dependent onwhat is considered most important. For PMtypeofmaneuver, a lower thrust aircraft would bea better choicebecause lower thrustconfigurations possessed a positional advantage upto theendof the turnsegment. Theconclusion ofthisstudy isthere isa tradeoff ofwhat typeofperformance ismost crucial and what areitscosts.
Effect of Wing Loading on Pointing Margin
The baseline fighter along with four other configurations were flown through the same maneuver. These configurations were altered only in the wing loading and all other input parameters were held constant.
The selected wing loadings were 82.6, 87.6, 97.6, and 102.6 psfwith a baseline W/S of 92.6 psf. Figure 11 illustrates the time differences for each segment of the pointing margin maneuver for all five configurations.
The total time to complete the maneuver was very similar for all configurations, but there was a difference in the times for each maneuver segment. The higher loaded aircraft completed the turn segment slightly faster than the less loaded configurations. This is because a higher loaded aircraft produces higher lift coefficients, thus increases induced drag and results in greater deceleration and velocity deficit. Similar to the thrust loading results, the quicker approach to turning speed provided higher turn rates and resulted in a shorter time for a turn. Figure 12 plots the turn profile in the horizontal plane of the maneuver.
This graph shows the higher loaded aircraft has a turn advantage both in time and in space. The points discussed above are also well illustrated in Figure 13 . It shows that a better pointing position can be obtained with a higher wing loading which correspond to the fact that a higher wing loading has a turn advantage.
Again, it was illustrated that the results of this study were highly dependent on the particular type of maneuver A vectored thrust study was conducted to determine the effects of this capability on horizontal maneuver.
The metric used for the study was Pointing Margin. As mentioned previously, the figure of merit is the angle between the two aircrafts' lines of sight just as the inferior aircraft is captured. The F-18 fighter is considered as a point mass and is confined to the horizontal plane. Thrust vector capability is included in the F-18 fighter.
The maneuver used was a 7g turn through 180 degrees at an altitude of 15,000 feet. In actual combat, nozzle position would most likely be fully variable throughout maneuvers. For this study however, it was restricted to three possible positions during two segments of the maneuvers. A nozzle position angle of zero degrees indicated thrust along the longitudinal axis of the aircraft. Ninety degrees represented thrust vectored normal to the longitudinal axis, while forty-five degrees indicated the thrust was vectorally split between these two directions. The scheduling of the thrust vector angles was separated by corner speed. The nozzle position was fixed at one of the three positions while the aircraft was above corner speed and then switched to another as it decelerated below corner speed. This scheduling and the three nozzlepositions provided a goodrangeof possible vectoring tactics forevaluation. Forall figurelabels, twonumbers separated by anunderscore indicates the VT nozzle position beforeandafterreaching corner speed, respectively.
The effectsof vectored thrust(VT) are apparent fromPM.Theinfluence ofVT scheduling on PMis indicated in Figure14andthezoom-in viewin Figure 15 . It is clear thata better pointing margin can beobtain byhaving thrust vectoring capability. TheVT effect wasabletocapture twomore degrees ofpointing advantage whichprovides thewinning aircraft a longer missile flighttimeanda better chance of a kill. The greater thisangle thelonger ittakes thelosing aircraft to acquire thewinning aircraft's position,Aswouldbe expected, VT is shownto decelerate muchmore quickly.Thelossof axial thrust tocombat dragresults in velocity changes orders of magnitude larger thanif noVThadbeen implemented. Figure 16istheturnplot forvarious VTtactics. Ineach case, theVTturns show a reductionin turn radiusand a corresponding positional advantage over thebaseline.
Theoverall conclusion isthatVTtactics have anapparent advantage in PManalysis andit is good fromapositional aspect. Positional advantage (reduced turnradius) is particularly useful in nose-to-nose turns whiletimeadvantage (turnrate) ismost useful fornoseto-tail engagements.
Aircraft Optimization with A_ility Parameter as One Constraint
Agility module can be used in configuration
optimization.
This capability is the real power of ACSYNT and it is the optimization studies that will be used to determine the impact of agility, technologies and constraints on the overall aircraft configuration. with an FI8 and an F20, the FI8 was able to gain a positional advantage and to obtain a pointing margin of 37.15°. The objective for this optimization test run was to minimize the takeoff weight for the F I8. Note that only the FI8 is being optimized, and not the F20. The constraint for this optimization was to complete the same maneuver with a minimum pointing margin of 37.15°. Figure 17 illustrates the positional plot for the pointing margin maneuver for an F20 and an F 18 before and after the optimization. The design variables were the wing area and the engine size. is illustrated in Figure 18 .
The tradeoff is wing loading versus thrust loading. A decrease in wing loading allows a decrease in thrust loading and vice versa.
A larger wing and a larger engine both add weight to the vehicle. Some combination of wing and engine size will satisfy the agility constraint and provide the overall lowest takeoff weight. It can be seen on Figure 18 that the trends drive the wing to as small a value as possible. This results in only a moderate increase in engine size. It is shown that the agility criterion is much more sensitive to engine size than wing loading.
In real life, any functional aircraft configuration would have many more constraints such as takeoff and landing performance. capabilities will be improved.
The validation result has proved that the code is valid for agility analysis.
However, the error can be reduced by forcing the boundary conditions between maneuver segments to be the same in the discrete analysis.
This can be fixed in the code easily. 
